More than 200 species of dicotyledonous plants belonging to eight different families and 24 genera can establish actinorhizal symbiosis with the nitrogen-fixing soil actinomycete Frankia. Compared to the symbiotic interaction between legumes and rhizobia, little is known about the molecular basis of the infection process and nodule formation in actinorhizal plants. Here, we review a gene transfer system based on Agrobacterium rhizogenes that opens the possibility to rapidly analyze the function of candidate symbiotic genes. The transformation protocol generates "composite plants" that consist of a nontransgenic aerial part with transformed hairy roots. Composite plants have already been obtained in three different species of actinorhizal plants, including the tropical tree species Casuarina glauca, the Patagonian shrub Discaria trinervis, and the nonwoody plant Datisca glomerata. The potential of this technique to advancing our understanding of the molecular mechanisms underlying infection by Frankia is demonstrated by functional analyses of symbiotic genes.
Introduction
Actinorhizal plants have the ability to form root nodules in symbiotic association with the soil actinomycete Frankia and are capable of high rates of nitrogen fixation, comparable to those of legumes [1] [2] [3] . More than 200 species of dicotyledonous plants, belonging to eight different families and 24 genera, can establish actinorhizal symbioses. They are trees and woody shrubs, such as Alnus, Casuarina, Eleagnus, and Myrica, with one exception, the nonwoody species Datisca. They are distributed throughout temperate and tropical regions and, due to their ability to grow on poor and degraded soils, are often pioneer species. Like Legumes, actinorhizal symbioses can add a large amount of fixed nitrogen to several ecosystems including temperate forests, sandy tropical areas, and mine wastes. In symbiotic association with both Frankia and mycorrhizal fungi, actinorhizal trees can help rehabilitate degraded areas and are also used in forestry for the production of timber and pulpwood, to stabilize desert and coastal dunes, and crop windbreak [4] [5] [6] .
Possibly due to their wide range of host plants, actinorhizal nodules show considerable variability in structure, oxygen protection mechanisms, and physiology, making it difficult to choose a single model actinorhizal plant to acquire the necessary basic knowledge on the symbiotic interaction with Frankia. In recent years, molecular and genomic studies have mainly focused on three actinorhizal species including two trees, the tropical species Casuarina glauca and the temperate species Alnus glutinosa, plus the herbaceous species Datisca glomerata [7] [8] [9] [10] . Both C. glauca and A. glutinosa are infected by Frankia via an intracellular process involving penetration into deformed root hairs [11] [12] [13] . In D. glomerata, although the colonization process is not fully understood, the nodulation process is likely to occur via intercellular colonization of the host root [14] .
The recent development of transcriptomics in actinorhizal plants has led to the identification of many candidate genes that could play a key role in different stages of the symbiotic process [9, 10] . The production of genetically modified actinorhizal plants is a prerequisite for the molecular and physiological analysis of gene function during the symbiotic interaction with Frankia. However, developing a genetic transformation procedure based on A. tumefaciens is often challenging since it requires both an efficient gene transfer protocol and the development of a reliable in vitro regeneration method. With the exception of the two Casuarinaceae trees, Allocasuarina verticillata [15] and C. glauca [16] in which stable genetic transformation has been achieved using the disarmed strain of A. tumefaciens C58C1 [17] , there are no other reports of stably transformed actinorhizal plants [18] .
Agrobacterium rhizogenes could provide an alternative to the labor intensive genetic transformation by A. tumefaciens. A. rhizogenes is a gram-negative soil bacterium responsible for the development of hairy root disease in a number of dicotyledonous plants [19] . It transfers into the genome of the infected host plant a T-DNA fragment from the bacterial root-inducing (Ri) plasmid that carries genes encoding enzymes that control auxin and cytokinin biosynthesis [20] . The resulting modifications in the hormonal balance induce the formation of roots at the wounding site that are morphologically different from normal roots. Hairy roots are characterized by a rapid hormone-independent growth, are much more highly branched, possess numerous root hairs, and exhibit plagiotropic root development. A. rhizogenes has proven to be a valuable tool for generating transgenic roots that are easy to grow and can be used for a range of applied biological purposes including metabolic engineering and phytoremediation, and the production of valuable metabolites [21] .
A. rhizogenes hairy roots have other applications in many areas of research including symbiotic nitrogen fixation where they provide a tool for root nodule studies. This pathogenic bacterium can be used to generate composite plants consisting of transformed hairy roots induced on a nontransgenic shoot [22, 23] . This procedure allows a more rapid analysis of transformed roots than the methods used to generate plants that are stably transformed by A. tumefaciens. The approach was first used in Legumes to study the symbiotic interaction with rhizobia. Transformation techniques that generate composite plants have been then reported for Lotus corniculatus [23] , Trifolium rupens [24] , Vigna aconitifolia [25] , Glycine max [26] [27] [28] , Vicia hirsuta [29] , Lotus japonicus [30] , Trifolium pratense [31] , Medicago truncatula [32] , Lupinus albus [33] , Phaseolus vulgaris [34, 35] , Arachis hypogea [36] , and Aeschynomene indica [37] .
Composite plants appear to be a suitable tool for functional analysis of the symbiotic genes in actinorhizal plants. Since most actinorhizal plants are trees or shrubs, developing Casuarina glauca A4RS, ARqua1 [43, 44] Datisca glomerata LBA 1334 [45] Discaria trinervis A4RS, ARqua1 [46] rapid genetic transformation procedures to generate data on candidate symbiotic genes is of particular interest. In the present paper, we review transformation methods in which A. rhizogenes has been used in actinorhizal species. Recent advances in knowledge of the Frankia infection process based on the use of composite plants have been described. [38] . Inoculations were performed with two agropine-type strains, A4 [39] and 1855 [40] , the manopine-type strain 8196 [41] and the cucumopinetype strain K599 [38] (Table 1) . Whereas hairy roots were observed on the seedlings of Alnus, the authors reported that nodule-like structures, so called pseudoactinorhizae, proliferated following the inoculation of E. angustifolia with the strain K599. In 1991, it was subsequently shown that A. verticillata, a member of the Casuarinaceae family, was susceptible to three different strains of A. rhizogenes, A4, 8196, and 2659, a cucumopine-type strain [47] (Table 1 ). All three agrobacteria induced hairy roots on inoculated hypocotyls of 30-day-old germinated seedlings [42] . It was noted that shoot regeneration occurred spontaneously in 90% of the 2659-transformed roots after three months of culture on hormone-free nutrient medium, thereby, allowing the regeneration of fully transformed plants of A. verticillata. Since this actinorhizal tree species was not chosen for the isolation of symbiotic genes, the composite plant approach was never developed further.
Agrobacterium rhizogenes-Mediated Transformation of Actinorhizal Plants
Due to its small genome size, C. glauca was the species in the Casuarinaceae family chosen to decipher the symbiotic interaction between Frankia and its host at the molecular level. As a result, genetic transformation procedures allowing functional analysis of the candidate symbiotic genes were developed together with the genomic resources. In 1995, Diouf et al. [43] reported that the A. rhizogenes strain A4RS could be used to obtain composite plants that were nodulated by Frankia. The strain of A. rhizogenes ARqua1 [29] that is used to obtain composite plants of M. truncatula [32] has also been shown to be effective on C. glauca (H. Gherbi, unpublished data).
More recently, two other actinorhizal plants, the nonwoody plant D. glomerata, and Discaria trinervis, a shrub from Patagonia [48] , were shown to be effectively transformed by A. rhizogenes to generate hairy roots [45, 46] ( Table 1) . Composite plants of D. glomerata were generated using the A. rhizogenes strain LBA 1334 [49] . In D. trinervis, both A4RS and ARqua1 induced transgenic roots in wounded plants, but they differed in their phenotype because the genetic transformation by A4RS had a strong impact on the alteration of root architecture [46] .
Transformation Procedures.
Inoculations with A. rhizogenes involve wounding on the hypocotyls of young seedlings with a needle dipped in a fresh colony (or culture in exponential growth) of the chosen A. rhizogenes strain. This technique was successful in A. glutinosa, A. acuminata, A. verticillata, C. glauca, and D. trinervis. In D. glomerata, an original transformation system consisted of injecting the agrobacterium culture into the stem of 12-week-old plants [45] .
In C. glauca, an alternative procedure consisted in sectioning the radicle of the seedlings with a scalpel and then coating the sectioned surface with A. rhizogenes. However, hairy roots developed in less than 30% of the sectioned plants, whereas when hypocotyls were inoculated with a needle, hairy roots developed in 95% of the plants.
To generate composite plants, the normal nontransformed root system is removed from the actinorhizal plants about three weeks after inoculation with A. rhizogenes, and, when possible, cotransformed roots containing the newly introduced genes from the appropriate binary vector are selected. The whole process of generating composite actinorhizal plants takes 2-3 months. It then takes an additional 2-3 months to perform the nodulation or mycorrhization experiments [43] . In C. glauca, it was observed that, although the shoot was not transgenic, composite plants exhibited an altered aerial part with shorter internodes. This alteration of phenotype is probably linked to the modification of the hormonal balance in the transgenic root system displaying the hairy root phenotype.
Selection of Cotransformed Hairy Roots.
One advantage of A. rhizogenes-mediated transformation is that transgenic roots can be obtained without using a selection agent. Hairy root morphology is used for the primary selection of transgenic root. However, when performing a cotransformation with an A. rhizogenes strain harboring a binary vector, a selection procedure with either a reporter gene or an antibiotic resistance gene is usually necessary to detect the cotransformed roots and to facilitate molecular and phenotypic analyses of the composite plants. According to our experience with C. glauca, following the analysis of several hundred of composite plants, the rate of cotransformed hairy roots could vary from 20% to 65%. In order to identify the cotransformed roots, a constitutively expressed reporter gene such as β-glucuronidase (GUS) [52] , DsRED1 [53] , or green fluorescent protein (GFP) [54] gene can be included in the T-DNA of the binary vector. DsRED1 and GFP appeared to be the best candidates since they can be visualized in roots under UV light. DsRED1 fluorescence was chosen to select the cotransformed roots of D. glomerata emerging at the sites of inoculation with LBA 1334 [45] . In C. glauca and D. trinervis, cotransformation events were usually monitored with GFP fluorescence [44, 46] . The intensity of fluorescence was generally correlated with the level of expression of the other genes carried on the T-DNA of the binary vector. In RNAi experiments designed to downregulate symbiotic genes in C. glauca, hairy roots displaying a high level of fluorescence also exhibited a strong extinction of the candidate symbiotic gene as determined by q-RTPCR (H. Gherbi, unpublished data).
Kanamycin selection of cotransformed roots of C. glauca has occasionally been performed using the nptII gene in the transferred T-DNA. A range of kanamycin concentrations was tested to inhibit the growth of noncotransformed hairy roots on agar plates. A concentration of 12.5 mg per liter was found to be sufficient to alter the growth of roots deprived of the nptII gene without affecting the nontransformed shoot. After three weeks of incubation with kanamycin, the noncotransformed roots were gray whereas the cotransformed roots remained pink and continued to undergo rapid growth in the agar. However, once the composite plants were transferred in hydropony for nodulation experiments with Frankia, the selection with kanamycin could not be applied, and the noncotransformed roots could grow due to the long kinetics experiments of nodulation in actinorhizal plants (2-3 months in RNAi experiments).
Nodulation of Actinorhizal Composite Plants.
Hairy root morphology in plants varies considerably between species with differences in root thickness, degree of branching, and amount of root hair production. The differences in response to A. rhizogenes infection could be due to combined factors resulting from genotype-strain interactions, response to rol gene products, together with the effects of endogenous and exogenous hormones [20] . In the actinorhizal tree C. glauca, A4RS-induced hairy roots exhibited a marked hairy root phenotype [43] . It was found that the nodulation process was affected since only 30% to 60% of the composite plants developed nodules after inoculation with Frankia, whereas 90% to 100% of the nontransformed plants were nodulated. Although hairy roots usually tend to have very profuse root hairs, composite plants of C. glauca have fewer root hairs, which possibly affected the efficiency of nodulation. In addition, the nodulation process was often delayed by about two weeks. However, nodules that developed on composite plants were found to fix nitrogen, and their anatomy resembled that of nontransformed control nodules, making it possible to use this approach for promoter and RNAi studies. With the ARqua1 strain, the hairy-root phenotype was less pronounced in C. glauca, but this had no significant impact on the efficiency of nodulation by Frankia.
In D. trinervis, the nodulation process was not affected in composite plants resulting from the inoculation with ARqua1 [46] . Nodules exhibited the same structural features as those of control plants. Furthermore, the negative regulation of nodulation by nitrogen was maintained in the transgenic roots since the addition of NH 4 NO 3 at 100 ppm was found to inhibit nodule formation in composite plants. In D. glomerata, the possible alteration of the nodulation resulting from the expression of the oncogenes of A. rhizogenes LBA 1335 was not reported by the authors [45] .
Studies of the Infection Process
Actinorhizal nodules only develop under conditions of nitrogen deprivation, and it is assumed that plant roots emit signals of still unknown nature that are perceived by Frankia. To date, the early stages of this original nodulation process remains rather poorly known [55] [56] [57] [58] . In particular, the lack of a genetic transformation system in Frankia has prevented the introduction of a gfp gene that would allow visualisation of the progression of the hyphae in the host [59, 60] . The early stages of the infection process can thus be studied mainly by the analysis of transgenic roots expressing reporter genes under the control of promoters from early expressed symbiotic genes.
Two promoters, PCg12 and PMtEnod11, have been found to drive the reporter gene in Frankia-infected cells. Cg12 is an actinorhizal symbiotic gene isolated from C. glauca [61] that encodes a subtilisin-like serine protease (subtilase). Plant subtilases are represented by large gene families and have been shown to be involved in stomata and seed development, in the maintenance of the shoot apical meristem and of the cell wall, in the processing of peptide growth factors, and in response to the biotic and abiotic environment [62] . Using roots of C. glauca genetically transformed with a PCg12-GUS or a PCg12-GFP construct, it was shown that reporter gene expression occurred during the first steps of the infection process, when Frankia was invading deformed root hairs and in root and nodule cortical cells containing growing infection threads [63] . Cg12 expression was correlated with plant cell invasion by the endosymbiont from the start of the symbiotic process, thereby, providing a valuable tool to visualize and count the number of infected root hairs, and subsequently to monitor the progression of the hyphae in the plant root. This promoter is currently being introduced into D. trinervis to monitor the progression of Frankia hyphae during the intercellular infection process (S. Svistoonoff and L. Wall, unpublished data).
The second sequence is PMtEnod11, the promoter region from the early nodulin gene MtEnod11 from M. truncatula [64] . In legumes, PMtEnod11-GUS is transcribed in the root epidermis in response to Nod factors, during preinfection and infection stages of root and nodule tissues [32] . It is also expressed during endomycorrhization, thereby, providing a valuable tool to study the initial stages of endosymbiotic interactions [65] . Interestingly, it was found that, in C. glauca plants transformed with PMtEnod11-GUS, although no induction was observed in the root epidermis, reporter gene expression was conserved in the infected zones of the roots and actinorhizal nodules [66] . The same construct was introduced using the composite plant approach in D. trinervis. In the nodules, GUS activity was observed in the infection zone, in cortical cells infected by Frankia that do not yet fix nitrogen [46] . Therefore, this heterologous promoter from a legume is an additional tool to monitor both intracellular and intercellular infection processes in actinorhizal plants.
RNAi to Downregulate Actinorhizal Symbiotic Genes
The development of genetic and genomic tools for the model legumes M. truncatula and Lotus japonicus has contributed to the isolation and characterization of genes required for root nodule symbiosis [65, 67, 68] . Some of these genes have been designated as "common Sym" genes since they are involved in the establishment of both rhizobia and mycorrhizal symbioses. The "common Sym pathway" includes genes encoding a leucine-rich-repeat (LRR) receptor kinase (SymRK), cation channels, nuclear pore complex proteins, a calcium and calmodulin-dependent protein kinase (CCaMK), a nuclear coiled protein, and a transcription factor (NSP1) [68] . The question was whether these symbiotic genes were shared in the signal transduction pathway in response to Frankia factors. To answer this question, studies focused on the receptorlike kinase gene SymRK and based on RNAi experiments using composite plants were undertaken in both C. glauca and in D. glomerata. In legumes, SymRK (also referred to as NORK in Medicago sativa and DMI2 in M. truncatula) encodes a leucine-rich receptor kinase that is needed for bacterial and endomycorrhizal infection, and Nod factor induced calcium spiking in the root epidermis [69] [70] [71] . Based on similarity with legume SymRK sequences, CgSymRK and DgSymRK were isolated from C. glauca and D. glomerata, respectively. Downregulation of both actinorhizal SymRK genes resulting from a RNAi approach revealed that the frequency of nodulated RNAi-CgSymRK and RNAiDgSymRK plants was dramatically reduced compared to that in control plants. In C. glauca, a two-fold reduction in the number of nodulated plants was observed [51] , and in D. glomerata, only 16% of the transformed roots exhibited some nodule-like structures [45] . In addition, a range of morphological alterations was observed in the downregulated SymRK nodules. Whereas mature nodules in the control C. glauca plants were multilobed, RNAi nodules were considerably reduced in size and consisted, in the strongly silenced lines, of a single thin lobe that did not fix nitrogen and had a very short nodular root [51] . Cytological analysis showed that these aberrant nodular structures accumulated high levels of phenolic compounds and contained cortical infected cells that were smaller than those of control nodular lobes. In D. glomerata, small primordial swellings were occasionally observed when Frankia infection was able to proceed due to incomplete downregulation of DgSymRK.
Additional experiments revealed that SymRK was also necessary for the establishment of the symbiosis with the arbuscular mycorrhiza Glomus intraradices in actinorhizal plants. The knockdown of both CgSymRK and DgSymRK Journal of Botany 5 was seen to strongly affect penetration of the fungal hyphae into the root cortex, thus, revealing the key role of SymRK in root endosymbioses for both C. glauca and D. glomerata [45, 51] .
The conservation of the SymRK function between legumes and actinorhizal plants could reflect a common genetic program for endosymbiosis development and suggests that, during their evolution, root nodule endosymbioses recruited the genes necessary for arbuscular mycorrhizal symbiosis. To further investigate the conservation of the common Sym pathway in actinorhizal plants, additional studies to functionally characterize C. glauca sequences homologous to the calmodulin-dependent protein kinase (CCaMK) gene are in progress using the composite plant system.
Knowledge Generated by Composite Plants Derived from Shoots Stably Transformed by A. tumefaciens
Genetic transformation of C. glauca can also be achieved using the A. tumefaciens strain C58C1 (pGV2260) [16] , and stably transformed plants can be regenerated in six to nine months. Using transgenic shoots, it was possible to induce hairy roots after inoculation by A. rhizogenes and hence to introduce a second set of genes in the root system for additional study. We used this procedure to study the impact of the downregulation of CgCCaMK on the number of infection sites following inoculation by Frankia. CgCCaMK was isolated in C. glauca and is homologous with the calmodulin-dependent protein kinase genes from Legumes [72, 73] . In absence of a GFP-expressing Frankia strain, transgenic PCg12-GUS plants are the best tools to visualize and count the infection sites during the early stages of the symbiotic process [63] . PCg12-GUS transgenic shoots were retransformed by A. rhizogenes A4RS containing in a binary vector the RNAiCgCCaMK construct and a 35S-GFP transcriptional fusion, and then inoculated by the Frankia strain CcI3. Control plants included PCg12-GUS shoots transformed with A4RS. Seven to 10 days after inoculation, a GUS test was performed on the whole GFP-positive hairy-root systems to locate blue-stained infected root hairs [46] . Total root length was measured and that and the number of blue root hairs were compared with data obtained in the control hairy roots. The average number of blue hairs per cm of root decreased about 10-fold in RNAi-CgCCaMK hairy roots compared to the number in the control composite plants, revealing the essential role of CgCCaMK in the root hair infection process by Frankia (H. Gherbi, unpublished data).
Functional analysis of CgAUX1, a gene that encodes a high-affinity auxin influx transporter in C. glauca, also produced interesting results. Using the GUS gene driven by the CgAUX1 promoter, it was established that auxin plays an important role during plant cell infection in actinorhizal symbiosis [72] . CgAUX1-GUS was found to be strongly expressed both during root hair infection and cortical cell invasion by Frankia. In mature nodules, strong reporter gene expression was observed in the nodule vascular system and at the base of the nodular root, and in the large cortical cells infected by Frankia, corresponding to the nitrogenfixation zone; some reporter gene activity was also observed in the nodule secondary meristem corresponding to the phellogen (Figure 1(a) ). When CgAUX1-GUS plants obtained after genetic transformation by A. tumefaciens were retransformed with the A. rhizogenes strain A4RS containing a RNAi-CgSymRK construct [70] , a major alteration of the CgAUX1-GUS expression was observed in the small nodules whose phenotype was deeply altered by downregulation of CgSymRK (Figures 1(b) and 1(c) ). The blue staining was hardly visible in the infected cortical cells; reporter gene Journal of Botany expression was also greatly reduced in the phellogen and in the apex of the nodule. These data indicate a strong alteration of CgAUX1 expression linked to the low expression of the receptor kinase gene CgSymRK. A disturbance of the influx of auxin could be involved in the modification of the phenotype of the RNAi nodules. The smallest nodules were observed on composite plants exhibiting a strong GFP fluorescence. These nodular structures were characterized by a low AUX1-driven reporter gene expression and by the absence of nodular root (Figure 1(c) ).
Conclusions
The potential of A. rhizogenes to investigate the nitrogen fixing interactions between Frankia and actinorhizal plants has been shown in C. glauca, a member of the Casuarinaceae family [47] , in D. glomerata, a member of the Datiscaceae [43] , and in D. trinervis, a member of the Rhamnaceae [48] . These actinorhizal plants are characterized by either intracellular or intercellular infection processes; they exhibit nodules with different structures and are infected by specific strains of Frankia. Composite plants provide a valuable and fast strategy to downregulate or overexpress putative symbiotic genes and to acquire fundamental knowledge on their role during infection and nodule ontogenesis in these diverse nitrogen-fixing plants. This knowledge will certainly help understand the wide range of molecular mechanisms underlying the actinorhizal nodulation process in different plant families.
